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Supercritical water - pyrite interface has been studied by ab initio molecular dynamics simulation. Extreme conditions are
relevant in the iron-sulfur world, ISW theory where prebiotic chemical reactions are postulated to occur at the mineral-water
interface. We have investigated the properties of this interface under such conditions. We have come to the conclusion that
hot-pressurized water on pyrite leads to an interface where a dry pyrite surface is in contact with the nearby SC water without
significant chemical interactions. This picture is markedly different from that at ambient conditions where the surface is fully
covered with adsorbed water molecules which is of relevance for the surface reactions of the ISW hypothesis.
1 Introduction
Pyrite is a semiconducting mineral playing an important role
in various geochemical and environmental processes1. In the
last decades FeS2 has also been given intense attention as a
promising photovoltaic device2. Pyrite also appears in the
Iron-Sulfur-World (ISW) scenario of Wa¨chtersha¨user where
iron-sulfide minerals act as catalysts and reactants in reac-
tions leading to the formation of prebiotic molecules in hot-
pressurized water3,4. The extreme (most often supercritical
(SC)) conditions alter remarkably the rate of the reactions oc-
curring in water5. This is due to the properties of SC wa-
ter, such as low dielectric constant, increased acidic and ba-
sic properties, fewer and weaker H-bonds and higher com-
pressibility6. In the context of ISW hypothesis SC condi-
tions present in deep sea hydrothermal vents are assumed to
promote the reactions taking place on iron-sulfide mineral
surfaces. A number of experiments have provided convinc-
ing support, and the catalytic role of iron-sulfide minerals,
pyrite in particular, has been demonstrated7–12. Several quan-
tum chemical metadynamics calculations have also been per-
formed to study the steps leading to the peptide bond forma-
tion on FeS2 surface where the roles of surface defects and
the hot-pressurized water in the mechanism have also been
discussed: exposed iron surface sites have increased reactiv-
ities; sulfur vacancies can efficiently bind potential reactants
(e.g. amino acids) with higher retention times; and higher tem-
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perature can efficiently decrease activation free energy barri-
ers13–17.
A central role has been attributed to pyrite in the ISW pre-
biotic chemistry as adsorbent, reactant and catalyst3,10–12. It
has been already shown that in water at ambient conditions the
most stable pyrite (100) surface is fully covered by adsorbed
water molecules binding on surface iron atoms18–20. This ex-
poses the surface sulfur atoms to potential nucleophilic attacks
because on wet FeS2 surfaces the LUMOs (edge of the con-
duction band) are localized on the surface S atoms. In contrast,
on dry pyrite surfaces the lowest empty atomic orbitals are on
the surface Fe(II) sites hinting different reactivities19. This
sensitivity of the surface electronic structure points to a re-
markable coverage-dependent reactivity which may be tuned
by varying the conditions. Therefore a detailed insight into the
pyrite-water interface at SC conditions is necessary to address
the mechanisms of the reactions occurring at the interface of
pyrite and SC water. To this end, we have performed ab ini-
tio molecular dynamics (MD) simulations of hot-pressurized
water in contact with FeS2 employing perfect and defective
pyrite surfaces and characterized the interfacial water and the
dynamic aspects of the SC water–pyrite interaction.
2 Models and Methods
We performed Born-Oppenheimer molecular dynamics simu-
lations by using the CP2K package21. The electronic structure
has been described by density functional theory (DFT) using
the Perdew-Burke-Ernzerhof (PBE) functional22. The valence
orbitals have been expanded using short range, molecularly
optimized (MOLOPT-SR) double-ζ basis sets23. For the S,
O and H atoms the basis was augmented by a set of polar-
ization functions (DZVP). The electronic charge density has
been expanded in an auxiliary basis set of plane waves with
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a kinetic energy cutoff of 400 Ry. Only the Γ-point has been
considered for the k-point sampling. The interaction between
the valence electrons and the ionic cores have been described
with GTH pseudopotentials optimized to the selected basis set
and functional24. The present setup has resulted in nonmag-
netic ground state and throughout the calculations we have
kept this state. Our methodology gives an optimal cell con-
stant of 5.417 A˚ with a 96-atom supercell which compares
very nicely with experiment (e.g. 5.416 A˚25,5.428 A˚26). The
predicted band-gap is 0.4 eV (generally accepted experimental
value27 is 0.95 eV). This underestimation is typical for func-
tionals applying only standard semilocal approximations28 but
this feature does not effect the main conclusions here as evi-
denced by earlier studies16,19,29,30.
The pyrite-water interface has been modeled in a slab ge-
ometry with 12 pyrite layers (Fig 1). Each layer contains 8
iron or sulfur atoms, ie. a 2×2 surface supercell. The bottom
iron layer has been terminated by water molecules attached to
iron atoms to provide bulk-like conditions19. The periodically
repeated slabs are separated by a∼ 14 A˚ water layer. The size
of the unit cell is 10.8348×10.8348×26.8348 A˚3. Two sur-
face models have been considered: a surface representing the
perfect (100) plane and another featuring a surface S-vacancy
site, ie. missing one of the top S atoms. On this surface there
are two 4-coordinated (defective) surface iron sites. A typi-
cal SC state has been selected as 800 K and 0.1 GPa which is
equivalent with a density of 0.5 g/cm3 according to the water
equation of state31. The space between the pyrite slabs has
been filled with 28 water molecules which corresponds to this
density. Note however, that the available volume is not well-
defined therefore the density and the corresponding pressure
is only approximately determined by the number of the H2O
molecules.
A constraint has been applied to the bottom 3 FeS2 layers
and the O atoms of the terminating water molecules and they
have been kept fixed while all the other degrees of freedom
were allowed to freely move. The NVT conditions have been
enforced employing the velocity rescaling thermostat of Bussi
et al.32 with a coupling time constant of 1 ps. The time step
for integrating the Verlet equations was 0.4 fs. After an ini-
tial structural optimization and a gradual heating to 800 K, a
∼ 20 ps equilibration has been performed. Then the trajecto-
ries have been followed for another period of ∼ 20 ps.
3 Results
3.1 Characterization of the water
The surface properties of pyrite have been studied thoroughly
both experimentally1,33 and theoretically19,30,34,35. The most
important conclusions in relation to the FeS2-water interface
are the following: i) surface iron atoms are the primary sites
A
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Fig. 1 Simulation model. A: defective surface with a temporarily
adsorbed water molecule on one of the defective (4-coordinated)
Fe(II) sites. B: full periodic interface model. The unit cell is
indicated by a blue frame.
for water adsorption19,30,36,37; ii) surface iron charge states are
weakly affected by water adsorption as evidenced by experi-
mental and theoretical core level shift analysis1,30,38; iii) in
contrast, their reactivity is strongly affected by their coordina-
tion: four coordinated (defective) iron atoms can bind more
tightly adsorbed molecules as compared to a five coordinated
surface iron atom15,30; iv) molecular adsorption is preferred
to dissociative adsorption on both the normal and defective
surfaces15,19,30.
Before analyzing the water-pyrite interface it is useful to
look into the properties of the simulated water because this
can provide a measure how efficient the methodology is. To
this end we have calculated quantities characteristic of bulk
water. Note that the limited size and the heterogeneous nature
of the system complicates the application of concepts which
are valid for homogeneous systems. Fig. 2 shows the mean
square displacement (MSD) of the water molecules in both
systems. We have calculated MSDs in 3D and also the in-
plane (2D) MSDs to see the effect of confinements. All curves
show linear behavior which allows the estimation of diffusiv-
ity by linear fitting and applying eq. 1:
2dD=
∂
〈
r2 (t)
〉
∂ t
(1)
where D is the self diffusion coefficient, d is the dimension-
ality of the system, r(t) is the distance travelled by a wa-
ter molecule during time t. The DFT methodology applied
here has been shown to reproduce nicely the experimental
diffusion coefficients at different SC conditions.39 The esti-
mated 3D diffusion coefficients are 5.4 and 5.3 ·10−8m2/s
for the normal and defect surfaces, respectively. Larger dif-
fusivities have been obtained by taking into account only the
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Fig. 2 Mean square displacements as a function of time. Red: on
normal surface; blue: on defective surface. Solid line: total
displacement; dashed line: displacement parallel to the xy
directions. Fitted straight lines are also shown.
movements parallel to the surface plane: 7.7 ·10−8m2/s in
both cases. Clearly, this latter value is more realistic as it is
less affected by the limited thickness of the water. In fact it
shows fortuitously excellent agreement with the experimental
7.74 ·10−8m2/s value40. The simulations clearly indicate that
the presence of defect has no measurable effect on the interfa-
cial diffusion. Note however, that during the simulations tem-
poral adsorption of limited number of water molecules occurs
(vide infra), therefore the diffusivities are slightly underesti-
mated41.
The hydrogen bond network plays an important role in
the properties of water, even at extreme conditions. We
have therefore calculated the average number of H-bonds per
molecules. The H-bond estimation is based on the definition
described in Ref.42. For the presence of a H-bond between
two water molecules we calculated the hi j function as a prod-
uct of two terms:
hi j =
1−
(
ri j−C
rO
)10
1−
(
ri j−C
rO
)20 · H∑
k
1−
(
rik+r jk−ri j
rH
)8
1−
(
rik+r jk−ri j
rH
)12
where theC= 2.7A˚, rO = 0.5 A˚ and rH = 0.6 A˚. The first term
is nonvanishing if the distance ri j between the Oi and O j atoms
of the two water molecules is smaller than 3.5 A˚ and takes the
maximal value 1 when it is around 2.7 A˚. The second term is
1 if rOiHk + rOjHk - rOiOj is 0 and gradually vanishes as this sum
exceeds 0.6. We find that in average a water molecule forms
0.8 hydrogen bond and the distribution of the H-bond number
is strictly localized around values 0 and 1. We note that ap-
plying other H-bonding criteria yields very similar results.43
Our results are in line with experiment44 and simulations44,45
which also demonstrated significant loss of the H-bond num-
bers at various SC conditions as compared to ambient water.
3.2 Characterization of water adsorption
During the initial setup of the models 8 water molecules have
been arranged on the FeS2 surface in their optimal adsorbed
positions at the iron sites at both sides of the slabs (for adsorp-
tion configurations see the terminated pyrite surface side in
Fig. 1B)15,19,30. However, during the heating and in the sub-
sequent runs the non-constrained H2O molecules preferred to
stay in the bulk water. This indicates that in hot-pressurized
water the mineral surface is hardly covered by water. Par-
tial desorption tendency at 500 K at water density of 0.85
g/cm3 has been reported earlier by Marx et al.14, but they
have not explored this direction further. The distributions of
the water molecules in the interfaces are plotted in Fig. 3.
The curves show that the average densities are close to the
Fig. 3 Density profiles along the crystallographic c-axis, averaged
out in xy directions. Blue: normal surface; red: defective surface.
The origin of the axis is at the bottom of the pyrite slab. The iron
atoms in the top pyrite layer can be found between 8.0-8.2 A˚ along
the c-axis. The uphill of the density profiles around 25 A˚ is due to
the fixed bottom water layer from the next periodic image. Bin size:
0.034 A˚.
expected ca. 0.5 g/cm3. However, at the edges of the bulk-
like water the density peaks indicate a wall effect. It is also
seen that a smaller peak appears on both profiles close to the
pyrite surfaces. It is larger for the defective surface. These are
the contributions of the temporarily adsorbed water molecules.
Clearly, the higher peak indicates more frequent adsorption on
the defective surface.
In order to estimate the coverage from the temporal adsorp-
tions, we have defined the adsorption state with the distance
between a surface iron and a water molecule as dFe−O ≤ 2.9
A˚. This criterion is based on the density distribution curves: it
is the position of the first minimum after the first peak on the
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density profiles with respect to the topmost iron level of the
pyrite slab. With this criterion in hand we computed the prob-
ability of the iron sites to be occupied by a water molecule. In
this way we have obtained 0.11 and 0.16 fraction of monolayer
for the normal and defective FeS2 surfaces, respectively. The
values indicate that under SC conditions the pyrite is hardly
covered with water. At variance with pyrite at ambient wa-
ter18–20, here the surface atoms are fully exposed in most of
the time.
Further dynamical insight into the pyrite-water interface
can be obtained by considering the kinetics of the desorption
process. This can be done by calculating the population auto-
correlation function.
C(t) =
〈h(0) ·h(t)〉
〈h(0)〉 (2)
where h(t) = 1 if a given Fe site is continuously bonded to a
water molecule from time 0 to t and otherwise h(t) = 0. This
function is in fact the conditional probability density of finding
a site continuously populated till time t if it was populated at
time 0. A site is considered populated if dFe−O ≤ 2.9 A˚. The
calculated autocorrelation functions are plotted in Fig. 4.
Fig. 4 Continuous population autocorrelation functions of water
binding on iron sites of FeS2 (100) surface. Blue: normal surface;
red: defective surface. Inset: The same functions calculated for
different sites on the defective surface. Blue: 5-coordinated surface
iron atoms; red: 4-coordinated (defective) surface iron atoms.
An exponential decay of the correlation function indicates
pure first-order kinetics. As Fig. 4 shows, this is not the case
here, the curves show non-exponential behavior. However,
simple exponential fitting can yield approximate characteris-
tic mean lifetimes: 1.0± 0.3 and 1.5± 0.5 ps for the normal
and defective surfaces, respectively46. In agreement with its
higher reactivity defect surface can bind H2O molecules more
strongly. We note that eliminating the fast water in-out dy-
namics at the boundary defined by the bonding criterion yields
only 0.1 ps variation in the lifetimes. The above population
function effectively filters out situations where a given water
molecule desorbs only for a very short period and then re-
binds. To include these dynamically fast events we also cal-
culated the population autocorrelation function of the inter-
mittent population function hint(t). hint(t) = 1 if a given Fe
site is populated at time t, otherwise 0. From the decay of the
corresponding autocorrelation functions we obtain the same
lifetime for the normal surface but a somewhat longer, 2.3 ps
lifetime value for the defective surface.
We can distinguish between the reactivities of the normal
and defective iron sites by specifically calculating their occu-
pation correlation functions. These are plotted in the inset of
Fig. 4. Assuming first-order desorption kinetics we can ob-
tain 0.4±0.1 and 1.8±0.5 ps for the normal (5-coordinated)
and defective (4-coordinated) sites, respectively. It is seen
that water mostly adsorbs on the defective sites, and the life-
time of the adsorbed states is significantly longer than that of
an adsorption on a normal, 5-coordinated iron ion. We also
see that on the defective surface, water adsorption on a nor-
mal iron site situated within the close vicinity of a defect has
shorter average lifetime (0.4±0.1 ps) than what obtained for
irons on the normal surface (1.0± 0.3 ps). Earlier calcula-
tions on pyrite surface have shown that simultaneous water
adsorption on neighbor iron sites changes the iron-water bond
strength19,47. However simultaneous adsorption on a normal
and a defective site is very rare during the simulations, there-
fore we attribute this discrepancy to the limited statistics41.
The kinetic parameters of the desorption can be also pre-
dicted by explicitly assuming first-order (exponential) decay.
Eq. 3 is a simple Arrhenius equation associated to the desorp-
tion in vacuum where the barrier to surmount is the binding
energy of a water molecule on pyrite surface which amounts
to 13 kcal/mol on a 5-coordinated iron(II) site48.
k = ν exp
(
− Eb
RT
)
(3)
where Eb is the calculated binding energy, and ν is the stretch-
ing frequency of the Fe-OH2 unit (417 cm−1) for approximat-
ing the desorption attempt frequency19. At 800 K we obtain
3.5 ·109 1/s for the rate constant which translates to a 0.3 ns
mean lifetime. This value is roughly two orders of magnitude
larger than those obtained from the simulations and indicates
an accelerated water desorption in the presence of SC water
as compared to desorption in vacuum. The much faster des-
orption of the adsorbed water can be attributed to the energy
gain by interacting with the SC water layer. Consistently with
a roughly five times longer lifetime obtained for water adsorp-
tion on the defective sites compared to adsorption on normal
iron sites, the calculated 16 kcal/mol adsorption energy on 4-
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coordinated iron15,30 gives a mean lifetime of 1.9 ns from the
Arrhenius estimation. Although eq. 3 is based on simplify-
ing assumptions, the huge discrepancies between the calcu-
lated mean lifetimes along with the observed non-exponential
decays indicate that beside the elevated temperature, the pres-
ence of SC water plays a significant role in the very rapid loss
of water from the pyrite surface.
4 Concluding remarks
Our results show that at SC conditions the water/pyrite inter-
action results in an almost completely dry surface even when
defective (ie. more reactive) sites are present. The present
findings have important implications to the reactivity of pyrite.
The SC conditions effectively eliminate the water adsorption
layer from the surface and expose the topmost atoms and de-
fective sites. Therefore both the iron and sulfur sites are avail-
able and a wide range of reactions is facilitated without prior
water desorption. They may be further enhanced by the unique
properties of SC water exploited beneficially in chemical re-
actions.5,6 In short, SC conditions result in dramatic changes
at the pyrite-water interfaces which have to be taken into ac-
count in interpreting the kinetics and mechanism of reactions
taking place at the interface. Exploration of this reactivity in
redox processes is now underway and will be reported in due
course.
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